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:KHQPDFKLQLQJF\OLQGHUUXQQLQJIDFHVRIPRGHUQHQJLQH
EORFNVDPDWHULDOFRPELQDWLRQFRQVLVWLQJRIFDVWHG$ODOOR\V
(1$&+9DQGZLUHDUFVSUD\HGF\OLQGHUZDOOV
',1 (1   +9  D QXPEHU RI GLVWLQFWLYH
PDWHULDOUHODWHG HIIHFWV RFFXU ZKLFK KDPSHU WKH
VWUDLJKWIRUZDUG LPSOHPHQWDWLRQ RI WKH PDFKLQLQJ SURFHVVHV
7KHVH HIIHFWV PDLQO\ GHULYH IURP WKH YDU\LQJ FKLSSLQJ
EHKDYLRU RI WKH VSHFLILF PDWHULDO FRPELQDWLRQ EHFDXVH RI
GLIIHUHQW PDWHULDO SDUDPHWHUV 3DUWLFXODU WKH KLJKO\ XQHTXDO
KDUGQHVVUHVXOWVLQGLIIHUHQWFXWWLQJIRUFHVDQGGLIIHUHQWZHDU
RQ WKH DSSURSULDWH FXWWLQJ DUHDV OLNH EXLOW XS HGJH DW WKH
FXWWLQJDUHDRIWKHDOXPLQXPHQJLQHEORFNDQGQRWFKZHDUDW
WKH FXWWLQJ DUHD RI WKH ZLUHDUFVSUD\HG F\OLQGHU ZDOO DV D
UHVXOWRIPHFKDQLFDODQGWKHUPDORYHUORDG>@
$VVHPEO\ SDUWV DUH GLYLGHG LQ SVHXGR K\EULGV DQG UHDO
K\EULGV ILJXUH OHIW VLGH)RUSVHXGRK\EULGV WKH VXSSRUW
VWUXFWXUH LV PDGH RI RQH PDWHULDO DQG WKH QRQVXSSRUW
VWUXFWXUHRIDQRWKHU$VVHPEO\SDUWVZLWKDVXSSRUW VWUXFWXUH
RI GLIIHUHQW PDWHULDOV DUH FDOOHG UHDO K\EULGV >@ ,I D
FRPSRQHQW LV PDGH RI WZR RU PRUH PDWHULDOV LW FDQ EH
GLVWLQJXLVKHG EHWZHHQ FRPSRVLWH PDWHULDOV DQG PDWHULDO
FRPELQDWLRQV ILJXUH  ULJKW VLGH &RPSRVLWH PDWHULDOV DUH
PDFURVFRSLFDOO\KRPRJHQRXVZKHUHDVPDWHULDOFRPELQDWLRQV
DUH D FRQQHFWLRQ EHWZHHQ WZR RU PRUH PDFURVFRSLFDOO\
GLIIHUHQWPDWHULDOV
)LJ'HILQLWLRQRIDVVHPEO\DQGFRPSRQHQW

:LWK UHVSHFW WR WKH SRVLWLRQ RI WKH GLIIHUHQW PDWHULDOV
UHODWLYH WR WKH IHHG YHFWRU WKH PDFKLQLQJ RI PDWHULDO
FRPELQDWLRQV FDQ EH GLYLGHG LQ VHULDO SDUDOOHO DQG
VLPXOWDQHRXVPDFKLQLQJ )LJXUH  GHSLFWV H[HPSODULO\ WKHVH
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GLIIHUHQWW\SHVRIPDFKLQLQJǤ ,QWKHFDVHRIVHULDOPDFKLQLQJ
WKH PDFKLQLQJ SURFHVV FDQ EH RSWLPL]HG IRU HDFK VLQJOH
PDWHULDOLIWKHSURFHVVLVGLYLGHGLQWRWZRGLIIHUHQWRSHUDWLRQV
ZLWK WZR GLIIHUHQW WRROV 3DUDOOHO PDFKLQLQJ UHVXOWV LQ ERWK
PDWHULDOVEHLQJPDFKLQHGDOWHUQDWHO\LQRQHVLQJOHURWDWLRQRI
DWRROVRWKHSURFHVVFDQQRWEHRSWLPL]HGIRUHDFKLQGLYLGXDO
PDWHULDO>@0DFKLQLQJRIWKHZLUHDUFVSUD\HGF\OLQGHUZDOO
LV D FRPELQDWLRQ RI VHULDO DQG SDUDOOHO PDFKLQLQJ D
VLPXOWDQHRXV PDFKLQLQJ RI D PDWHULDO FRPELQDWLRQ 7KH
SRVLWLRQ RI WKH WZR PDWHULDOV UHODWLYH WR WKH IHHG YHFWRU
LQGLFDWHVDSDUDOOHOPDFKLQLQJKRZHYHUWKHSURFHVVFRXOGEH
RSWLPL]HG IRU HDFKPDWHULDO E\ VSOLWWLQJ LW LQ WZRPDFKLQLQJ
VWHSV ZLWK WZR GLIIHUHQW WRRO GLDPHWHUV 5HJDUGLQJ WLPHO\
HIILFLHQF\ WKH ZLUHDUFVSUD\HG F\OLQGHU ZDOO LV SULQFLSDOO\
PDFKLQHGLQDVLQJOHVLPXOWDQHRXVPDFKLQLQJVWHS
)LJ'HILQLWRQRIVHULDOSDUDOOHODQGVLPXOWDQHRXVPDFKLQLQJ

7KLV SDSHU SUHVHQWV VRPH ILQGLQJV RQ WKH LQIOXHQFH RI
GLIIHUHQW FRRODQW VXSSO\ VROXWLRQV LQ WKHPDFKLQLQJ RIZLUH
DUFVSUD\HG F\OLQGHU UXQQLQJ IDFHV  D VLPXOWDQHRXV
PDFKLQLQJRIDUHDOK\EULGPDWHULDOFRPELQDWLRQ
,QWHUQDODQGH[WHUQDOFRRODQWVXSSO\
%HVLGHVFRQYHQWLRQDOH[WHUQDOFRROLQJVWUDWHJLHV OLNH IORRG
FRROLQJ QHZ VWUDWHJLHV VXFK DV DWPRVSKHULFSUHVVXUH SODVPD
MHW >@ VROLG OXEULFDWLRQV >@ DQG FU\RJHQLF FRROLQJ >@ DUH
GHVFULEHG LQ WKH OLWHUDWXUH $GGLWLRQDOO\ WKHUH DUH VRPH
GLIIHUHQWLQWHUQDOFRROLQJVWUDWHJLHVZHOONQRZQFRQFHUQLQJWKH
FXWWLQJIOXLGLWVHOIDQGWKHNLQGRIGHOLYHU\7KHODWWHUFDQEH
GHILQHGE\RSHQORRS>@RUFORVHGORRS>@V\VWHPV)LJXUH
JLYHV D VFKHPDWLF RYHUYLHZRI WKH VWDWHRI WKH DUW LQ FRROLQJ
VWUDWHJLHVFRQVLGHULQJWKHLPSDFWRIWKHFRROLQJIOXLGVROLGRQ
WKHFXWWLQJLQVHUW
)LJ6FKHPDWLFRYHUYLHZRIVWDWHRIWKHDUWFRROLQJVWUDWHJLHVDQGQHZ
GHYHORSHGV\VWHPZLWKLQWHUQDODQGH[WHUQDOGHOLYHU\GDVKHGOLQH

7KHPDMRU REVWDFOH IRU WKH DSSOLFDWLRQ RI LQWHUQDO FRROLQJ
V\VWHPV LV WKH DFFHSWDQFH LQ WKH LQGXVWU\ 7KH UHVXOWV DUH
SURPLVLQJ EXW WKHUH DUH VHYHUDO XQVROYHG SUREOHPV VXFK DV
FKLSUHPRYDOEHLQJFXUUHQWO\GRQHE\WKHFXWWLQJIOXLGDWKLJK
SUHVVXUH FRROLQJ RU WKH PLOOLRQV RI OLWHUV RI FXWWLQJ IOXLG
ZKLFK PXVW EH FRVWO\ GLVSRVHG RI DV VSHFLDO ZDVWH ZKHQ
VZLWFKLQJWRDQRWKHUFRROLQJIOXLG
%HFDXVHRI WKHVHFKDOOHQJHVDQHZV\VWHPZDVGHYHORSHG
7KHQHZO\GHYHORSHGV\VWHPLVGHSLFWHGRQWKHULJKWKDQGVLGH
RIILJXUH,QWKHPRGLILHGFRROLQJVWUDWHJ\WKHFXWWLQJHGJH
LV FRROHG ERWK LQWHUQDOO\ DQG H[WHUQDOO\ ZLWK FXWWLQJ IOXLG
)RU FXWWLQJ H[SHULPHQWV IORZRSWLPL]HG FRROLQJ FKDQQHOV
ZHUHPDFKLQHG E\ ('0 LQ FHPHQWHG FDUELGH FXWWLQJ LQVHUWV
LQVHUW FRGH 7&07 7 ZLWK 7L$O1 FRDWLQJV $ WRRO
KROGHU ZDV DGDSWHG ZLWK DGGLWLRQDO KROHV IRU VXSSO\LQJ WKH
LQWHUQDO LQOHW DQGRXWOHWRI WKHFXWWLQJ LQVHUWE\FXWWLQJ IOXLG
7KH VHFRQGRXWOHW FKDQQHO LV XVHG IRU VXSSO\LQJ WKH H[WHUQDO
FRROLQJ RI WKH FXWWLQJ SURFHVV ILJXUH  7KH IORZ FKDQQHO
JHRPHWU\LQWKHFXWWLQJLQVHUWKDVEHHQGHVLJQHGE\WKHXVHRI
)(0 VLPXODWLRQV LQ RUGHU WR SHUIRUP VWDELOLW\ LQYHVWLJDWLRQV
DQG WR VFDOH WKH VL]H DQG SRVLWLRQ RI WKH IORZ FKDQQHO 7KH
ILQDO GHVLJQ OLHV DW WKH FORVHVW DUHDRQO\ PPEHQHDWK WKH
UDNH IDFH VXUIDFH DQG WKH FRROLQJ FKDQQHO KDV D PLQLPXP
GLVWDQFHWRWKHFXWWLQJHGJHRIPP
)LJ7RROKROGHUZLWKDVVHPEOHG('0PDFKLQHGFXWWLQJLQVHUW
0RGHOEDVHGLQYHVWLJDWLRQV
%HIRUH VWDUWLQJ H[SHULPHQWDO WHVWV D PRGHOEDVHG
LQYHVWLJDWLRQ RI WKH WHPSHUDWXUH GLVWULEXWLRQ DV ZHOO DV WKH
LQIOXHQFHRIWKHLQWHUQDOFXWWLQJIOXLGIORZKDVEHHQFRQGXFWHG
7KH WRRO KROGHU ZLWK WKH ('0 PDFKLQHG FXWWLQJ LQVHUW
ILJXUH DQG WKH SURFHVV SDUDPHWHUV VKRZQ LQ WDEOH  DUH
XVHGIRUVLPXODWLRQVDQGH[SHULPHQWDOLQYHVWLJDWLRQV
7DEOH3URFHVVSDUDPHWHUV
3URFHVVSDUDPHWHUV YDOXH XQLW\
5HYROXWLRQVSHHGQ  PLQ
'LDPHWHU'  PP
&XWWLQJVSHHGYF  PPLQ
)HHGI  PPUHY
&XWWLQJGHSWKDS  PP
&XWWLQJGHSWKDOXPLQLXP  PP
&XWWLQJGHSWKF\OLQGHUZDOO  PP

7RVKRZWKHGHSHQGHQF\RI WKHWHPSHUDWXUHLQFUHDVHIURP
WKHLQOHWWRRXWOHWRIWKH('0PDFKLQHGFKDQQHOILJXUHWR
WKH LQWHUQDO IORZ UDWH D VLPXODWLRQZLWK$16<6)OXHQWZDV
FDUULHGRXWXVLQJDODPLQDUPRGHOIRUYLVFRVLW\7KHPHVKKDG
D VNHZ XQGHU  DQG DQ RUWKRJRQDO TXDOLW\ RYHU  DW WKH
UHOHYDQWSDUWVRIWKHFXWWLQJLQVHUWOLNHWKHFURVVVHFWLRQRIWKH
FXWWLQJ HGJH RU WKH ('0 PDFKLQHG FKDQQHO +HQFH D YHU\
JRRGPHVKTXDOLW\ZDVREWDLQHGDQGDSSURSULDWHUHVXOWVFDQEH
DVVXPHG)RUFDOFXODWLQJWKHKHDWWUDQVIHU4IRUPXODDWWKH
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VSHFLILFFURVVVHFWLRQRI WKHDOXPLQXPDUHD$$ODQG WKHZLUH
DUFVSUD\HGF\OLQGHUZDOODUHD$&:WKHIRUPXODIRUWKHFXWWLQJ
SHUIRUPDQFHZDVDSSOLHGXVLQJPHDVXUHGUHVXOWVRIWKHFXWWLQJ
IRUFHV ZLWK H[WHUQDO FRROLQJ ILJXUH  )F $O    1
)F&: 1DQGWKHFXWWLQJUDWHIURPWDEOHIRUPXOD,W
VKRXOGEHQRWHGWKDWRQO\RIWKHUHVXOWLQJKHDWIORZLV
DEVRUEHGE\WKHWRRO>@

3FWRRO$O&: Ȉ)F$O&:ȈYF
4$O&: 3FWRRO$O&:Ȉ$$O&:

7KH UHVXOW IRU WKH KHDW WUDQVIHU DW WKH FURVV VHFWLRQRI WKH
FXWWLQJHGJHDWWKHDOXPLQXPDUHDLV4$O H:PDQG
DW WKH ZLUHDUFVSUD\HG F\OLQGHU ZDOO DUHD 4&:   H
:P UHVSHFWLYHO\ :LWK WKLV SDUDPHWHU VHW DQG GLIIHUHQW
LQWHUQDO IORZ UDWHV VLPXODWLRQV ZHUH FDUULHG RXW )LJXUH 
VKRZV WKH PHVKHG FXWWLQJ LQVHUW ZLWK LQWHUQDO DQG H[WHUQDO
FRROLQJDQGWKHFXWWLQJDUHDV
)LJ6LPXODWLRQZLWKLQWHUQDODQGH[WHUQDOFRROLQJ

7DEOH  JLYHV DQ RYHUYLHZ RI WKH GLIIHUHQW WHPSHUDWXUH
FKDQJHVǻ7EHWZHHQFXWWLQJIOXLGLQOHWIRULQWHUQDOFRROLQJDQG
FXWWLQJ IOXLGRXWOHW IRU LQWHUQDOFRROLQJDFFRUGLQJ WRGLIIHUHQW
LQWHUQDOIORZUDWHV
7DEOH6LPXODWLRQUHVXOWV
,QWHUQDOIORZUDWH ǻ7
POPLQ .
POPLQ .
POPLQ .
POPLQ .
([SHULPHQWDOWHVWV
:LWK WKHPDQXIDFWXUHG('0PDFKLQHG FXWWLQJ LQVHUW DQG
WKHWRROKROGHUIURPILJXUHLGHDOL]HGFXWWLQJH[SHULPHQWVRQ
D '0* 025, &7; JDPPD  7& ZLWK WKH SURFHVV
SDUDPHWHUVVKRZQLQWDEOHZHUHFDUULHGRXW7KHVSHFLPHQV
FRQVLVW RI F\OLQGHU UXQQLQJ IDFHV WKDW ZHUH FXW RXW RI DQ
HQJLQH EORFN PDGH RI DOXPLQLXP ZLWK ZLUHDUFVSUD\HG
F\OLQGHU ZDOOV 7KH WHVW SDUW LV FODPSHG LQ D FKXFN :LWK
UHVSHFW WR WKH ERULQJ DSSOLFDWLRQ WKH WHVW VHWXS VKRZV DQ
LQYHUWHGDUUDQJHPHQWZLWKDURWDWLQJZRUNSLHFH7KHDGDSWHG
WRRO KROGHU DQG FXWWLQJ LQVHUWV DUH DWWDFKHG RQ D IRUFH
PHDVXULQJ SODWIRUP )LJXUH  VKRZV WKH VHWXS ZLWK D WHVW
VSHFLPHQ WKHORDGFHOODQGWKHWXEHVIRUFXWWLQJIOXLGLQIORZ
DQG RXWIORZ ZLWK WHPSHUDWXUH VHQVRUV 8VLQJ WKH SURFHVV
SDUDPHWHUV VKRZQ LQ WDEOH  DQG D IHHG VWURNH RI
/FXW PP H[SHULPHQWDO LQWHUQDO WXUQLQJ LQYHVWLJDWLRQV
KDYHEHHQFDUULHGRXW
)LJ([SHULPHQWDOVHWXS

:LWK H[WHUQDO FRROLQJ ILJXUH  QRWFKZHDU RQ WKHPDLQ
FXWWLQJ HGJH DW WKH FXWWLQJ DUHD RI WKH ZLUHDUFVSUD\HG
F\OLQGHUZDOODQGDEXLOWXSHGJHRQWKHPDLQFXWWLQJHGJHDW
WKH FXWWLQJ DUHD RI WKH DOXPLQXP RFFXUV )XUWKHUPRUH D
VLJQLILFDQW KHDW LQSXW RQ WKH IODQN IDFH DQG IODQN ZHDU
HPHUJHV

)LJ6LPXOWDQHRXVPDFKLQLQJZLWKH[WHUQDOFRROLQJ

:LWK WKH VDPH SURFHVV SDUDPHWHUV WKDW ZHUH XVHG DW WKH
H[SHULPHQWDO LQYHVWLJDWLRQ ZLWK RQO\ H[WHUQDO FRROLQJ WDEOH
 H[SHULPHQWVZLWK LQWHUQDOO\ DQG H[WHUQDOO\ FRROHG FXWWLQJ
LQVHUWV ZLWK IRXU GLIIHUHQW LQWHUQDO IORZ UDWHV  POPLQ
POPLQPOPLQDQGPOPLQZHUHFDUULHGRXW
7KHILUVWLQYHVWLJDWLRQZLWKDGGLWLRQDOLQWHUQDOFRROLQJZDV
SHUIRUPHGE\DSSO\LQJH[WHUQDOFRROLQJDQGDQ LQWHUQDO IORZ
UDWHRIPOPLQ$VVKRZQLQILJXUHDVPDOOQRWFKZHDU
RQ WKHPDLQ FXWWLQJ HGJH DW WKH FXWWLQJ DUHDRI WKHZLUHDUF
VSUD\HGF\OLQGHUZDOO &:DQGDEXLOWXSHGJHRQ WKHPDLQ
FXWWLQJHGJHDWWKHFXWWLQJDUHDRIWKHDOXPLQXP$ORFFXU
18   F. Bleicher et al. /  Procedia CIRP  46 ( 2016 )  15 – 18 
:LWK WKH FRPELQDWLRQ RI H[WHUQDO FRROLQJ DQG DQ LQWHUQDO
IORZUDWHRIPOPLQILJXUHQRQRWFKZHDURQWKHPDLQ
FXWWLQJ HGJH DW WKH FXWWLQJ DUHD RI WKH ZLUHDUFVSUD\HG
F\OLQGHUZDOO &: EXW D EXLOW XS HGJH RQ WKHPDLQ FXWWLQJ
HGJHDWWKHFXWWLQJDUHDRIWKHDOXPLQXP$ORFFXUV
)LJ,QWHUQDODQGH[WHUQDOFRROLQJZLWKPOPLQLQWHUQDOIORZUDWH
)LJ,QWHUQDODQGH[WHUQDOFRROLQJZLWKPOPLQLQWHUQDOIORZUDWH
)LJ)ODQNIDFHRIFXWWLQJLQVHUWVZLWKGLIIHUHQWFRROLQJVWUDWHJLHV
H[WHUQDODQGFRPELQHGH[WHUQDODQGLQWHUQDOFRROLQJZLWKPOPLQ
POPLQPOPLQDQGPOPLQLQWHUQDOIORZUDWH
)LJXUH  JLYHV DQ RYHUYLHZ RI WKH ILYH WHVWHG FXWWLQJ
LQVHUWVDQGWKHFRQWLQXRXVO\GHFUHDVLQJKHDWLQSXWDWWKHIODQN
IDFH DQG IODQN ZHDU 9%PD[ ZLWK LQFUHDVLQJ LQWHUQDO IORZ
UDWH'XULQJWKHH[SHULPHQWDOLQYHVWLJDWLRQVZLWKLQWHUQDODQG
H[WHUQDOFRROLQJWKHWHPSHUDWXUHRIWKHFXWWLQJIOXLGLQOHWDQG
RXWOHW IRU LQWHUQDO FRROLQJZDVPHDVXUHG WRR 7DEOH VKRZV
WKHWHPSHUDWXUHFKDQJHǻ7DWWKHGLIIHUHQWLQWHUQDOIORZUDWHV
DQGWKHIODQNZDUH9%PD[
7DEOH5HVXOWVRIH[SHULPHQWDOWHVWV
&RROLQJVWUDWHJ\ ǻ7. 9%PD[ɊP
([WHUQDOFRROLQJ  
([WHUQDODQGLQWHUQDOFRROLQJPOPLQ . 
([WHUQDODQGLQWHUQDOFRROLQJPOPLQ . 
([WHUQDODQGLQWHUQDOFRROLQJPOPLQ . 
([WHUQDODQGLQWHUQDOFRROLQJPOPLQ . 
&RQFOXVLRQ
:LWKH[WHUQDOFRROLQJQRWFKZHDUDW WKHPDLQFXWWLQJHGJH
IODQN ZHDU DQG D VLJQLILFDQW KHDW LQSXW DW WKH IODQN IDFH
HPHUJHG$FRPELQHGLQWHUQDODQGH[WHUQDOFRRODQWVXSSO\RI
D WRRO LQVHUW ZLWK DQ LQWHUQDO IORZ FKDQQHO VLJQLILFDQWO\
UHGXFHV WKLV ZHDUV &RPSDUHG WR WKH H[WHUQDO FRROLQJ WKH
FRPELQHG H[WHUQDO DQG LQWHUQDO FRROLQJ ZLWK POPLQ
LQWHUQDOIORZUDWHVKRZHGDVLJQLILFDQWORZHUKHDWLQSXWDWWKH
IODQNIDFHDQGWKHIODQNZHDU9%PD[LVUHGXFHGE\PRUHWKDQ
KDOI$VDUHVXOWQRQRWFKZHDURFFXUUHGDW WKHPDLQFXWWLQJ
HGJH7KH UHVXOWVRI WKHH[SHULPHQWDO WHVWV FRUUHVSRQG WR WKH
VLPXODWLRQ

7KH UHVHDUFK ZRUN VKRZV WKDW ZLWK WKH FRPELQDWLRQ RI
LQWHUQDO DQG H[WHUQDO FRROHG FXWWLQJ LQVHUWV LW LV SRVVLEOH WR
ORZHU WKH ORFDO WHPSHUDWXUH WR WKH H[WHQW QHHGHG WR DYRLG
QRWFKZHDUDQGIODQNZHDU
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